An active recursive filter approach is proposed for the implementaion of an inductorless, tuneable RF filter in BiCMOS. A test circuit was designed and manufactured in a 0.35 µm SiGe BiCMOS technology. In simulations, the feasibility of this type of filter was demonstrated and reasonably good performance was obtained. The simulations show a center frequency tuning range from 6 to 9.4 GHz and a noise figure of 8.8 to 10.4 dB depending on center frequency. Gain and Q-value are tunable in a wide range. Simulated IIP-3 and 1-dB compression point is −26 and −34 dBm respectively, simulated at the center frequency 8.5 GHz and with 15 dB gain. Measurements on the fabricated device shows a center frequency tuning range from 6.6 to 10 GHz, i.e. slightly higher center frequencies were measured than the simulated.
Introduction
The frontend of most wireless receivers needs a bandpass filter and a low noise amplifier. This is normally implemented as a combination of a LC-filter (external or integrated depending on the requirements) together with an LNA. External LC-components have the benefit of high quality factors but they are extremely expensive to use. Integrated LC-components are preferred, but especially the inductors suffer from poor Q-values due to parasitics and only small inductances (<10 nH) should even be considered to integrate [1] . It would be very attractive if the inductors could be avoided, as they require a special RF process with extra thick top metal layer in order to get a reasonable good Q-value. From a cost perspective it would therefore be nice if a pure digital process could be used without any RF option (for CMOS implementations). Another drawback with using inductors is that the size of the inductors normally occupies much more area than the active circuitry itself. Furthermore, it would be very attractive if the bandpass filter could be electronically tunable in both frequency and bandwidth. The motivation for this work is to make an attempt to design an active filter with all these attractive properties. This first attempt was not designed to fulfill any specific standard or application, rather to see if it was possible to design at all. Future applications could be multi-band, multi-standard receivers, i.e. software radio applications. As mentioned, the goal of this design is not to demonstrate a final solution, rather the feasibility and concept of this new approach. In this paper, we will first comment the new approach. We will then describe an experimental design followed by results from both simulations and measurements on the fabricated device. Finally, we will draw some conclusions and discuss our results.
Design Theory
Active Recursive bandpass filters have recently become interesting for microwave applications [2] [3] [4] . A traditional recursive bandpass filter is accomplished according to the model in Fig. 1 . This model is based on positive feedback where some of the output power is fed back to the input through a delay (τ ). α is the input coupling factor and β is the feedback coupling factor. By varying the delay in the feedback loop a phase shift is accomplished and the center frequency (resonance frequency) is changed. The topology in Fig. 1 needs a high bandwidth amplifier. In microwave applications, bandpass filters are aimed for replacing the combination of LNAs and resonator based filters, leading to smaller area, and considerably increased tunability. Let us now see how the principle of active recursive filters can be applied to a standard BiCMOS process without using inductors, resonators, passive combiners, or transmission lines. To do this we have to replace all passive elements in the traditional microwave model in Fig. 1 with active circuitry. We propose a scheme according to Fig. 2 , where the input stage power combiner is replaced by an amplifier with two differential inputs. The necessary delay is replaced by the delays through the two amplifier stages. Frequency tunability is achieved through variation of the amplifier delay, which can be studied through the amplifier time constant, τ . The delay through the amplifier chain corresponds to a phase shift φ delay according to
(1) Fig. 3. Transistor schematic. where ω c is the angular center frequency. By connecting the positive/negative output to the negative/ positive input, 180 • low frequency phase shift is provided (this negative feedback also guaranties a stable DCoperating point). Together with the delay through the amplifier chain, the necessary phase shift of 360 • (and its multiples) is obtained. The multiples mentioned are strongly suppressed due to the limited bandwidth of the amplifiers. This implies f c = k/τ , where k is a positive integer. The proposed scheme in Fig. 2 can be viewed as a "nonoscillating ring oscillator" utilizing the same frequency tuning mechanism as used in VCOs based on ring oscillators [5] [6] [7] . The delay of each amplifier is proportional to its unity-gain frequency, τ = C L /g m , where g m equals I C /V T (V T = kT /q ≈ 26 mV at room temperature) for bipolars. C L includes parasitics from wires as well as the input and output capacitance of the amplifier stages. Extra parasitic capacitors will give a phase shift, however C L is dominated by the input capacitance of the transistors. The time constant τ can be controlled by the bias current through each amplifier. The Q-value can be tunable through variation of the loop gain. Low gain broadens the amplification peak, which results in a lower Q-value. Gain and Q-value are strongly correlated.
Circuit Design
A fully differential design is chosen for its robustness and low sensitivity to supply noise [5] . The schematic for the recursive filter in Fig. 2 is shown in Fig. 3 . The first stage should have two differential inputs, which is achieved by connecting two differential pairs in parallel with the same load resistors. The differential input signal is fed to a common-base stage having an input impedance r e = α/g m ≈ 1/g m [8], chosen to achieve 50 . Malmqvist found that minimum noise figure was
